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The pin size effect and mixed pinning of nanorods and matrix defects are discussed for YBa2Cu3O7-d
films containing nanorods. BaSnO3 nanorods with a diameter of 11 nm and BaHfO3 nanorods with a
diameter of 7 nm were prepared, and critical current density (Jc) and resistivity were measured in the
films. When the coherence length was larger than the nanorod size at high temperatures near
the critical temperature, the trapping angle and activation energy of the vortex flow depended on the
nanorod diameter. At a moderate temperature of 6577K, the pin size effect on Jc disappeared since
the coherence length became smaller than the nanorod size. At a low temperature of 20K, the
contribution from matrix pinning became comparable to that of nanorods in a high magnetic field due
to the small coherence length. Thus, the temperature-dependent coherence length caused the pin
potential situation to vary significantly, namely, the pin size effect and mixed pinning, which strongly
affected vortex pinning in YBa2Cu3O7-d containing nanorods. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4975300]
The critical current density (Jc) is significantly improved
by BaMO3 (BMO; M¼Zr, Sn, Hf) nanorods in YBa2Cu3O7-d
(YBCO) films in a coated conductor application.1 By opti-
mizing the BMO selection and the growth conditions, a high
Jc and global pinning force maximum (Fp,max) have been
reported at 77K (Ref. 2) and 4.2K.3 However, despite these
efforts, the vortex pinning mechanism in YBCO þ BMO
films is not yet fully understood, and an understanding of the
vortex pinning is needed for further design and control of Jc.
The nanorods act as the c-axis correlated pinning centers
in the YBCO films. A pinning distribution defined by a den-
sity (spacing) and a vertical shape (nanorod length) has a sig-
nificant influence on Jc, as predicted by the Bose glass
theory.4 The nanorod length along the film thickness deter-
mines the pin volume,5 and the vortex behavior varies at the
matching field.6 Elastic strain,7 stacking faults,8 and oxygen
vacancies9,10 were discussed to clarify the elementary pinning
force (fp) and critical temperature (Tc). Thus, these Jc factors
are becoming clearer for the YBCO þ BMO films. On the
other hand, the nanorod diameter depended on growth condi-
tions and nanorod materials (2035 nm;11 1015nm;12
813 nm;13 56 nm (Ref. 14–16)), but the nanorod density
was simultaneously varied. Since it was difficult to analyze
the pin size effect separately from other factors, such as the
matching field and nanorod length, the influence of the nano-
rod size on Jc remains unclear. Furthermore, it is unclear
whether the nanorods remain dominant in the vortex pinning
over other defects over a wide range of temperatures and mag-
netic fields. These matters are all related to the strength of the
pin potential of nanorods and should be discussed for the
design and understanding of vortex pinning in YBCO films
containing nanorods. In the present study, nanorod pinning is
discussed in the YBCO þ BMO films from the viewpoint of
the pin potential. The nanorod diameter was controlled while
maintaining almost the same nanorod density. The magnetic
field, field angle, and temperature dependencies of Jc and
the resistivity (q) were measured. Based on the results, the pin
size effect and the mixed pinning of nanorods and matrix
defects will be discussed from the viewpoint of the pin
potential.
The YBCO films were prepared on SrTiO3 (100) single
crystalline substrates using pulsed laser deposition. YBCO þ
BaSnO3 (BSO) (5.4 vol.%) and YBCO þ BaHfO3 (BHO)
(3.1 vol.%) mixed targets were ablated. The film thickness
was 220 nm for the YBCO þ BSO (5.4) film and 190 nm for
the YBCO þ BHO (3.1) film. The microstructures of the
films were observed using transmission electron microscopy
(TEM). 1-mm long and 100–lm wide bridges were formed
using the conventional photolithography and H3PO4 etching
to measure Jc using the Physical Property Measurement
System. Here, the angle between the magnetic field and the
c-axis was defined as the field angle (h). The temperature
and field angle dependencies of the resistivity were measured
under a current density of 50A/cm2 to obtain the irreversibil-
ity temperature (Tirr), activation energy (Ua), and trapping
angle (ht). Jc was also measured at the High Field Laboratory
for Superconducting Materials, Institute for Materials
Research, Tohoku University, to evaluate the vortex pinning
at a low temperature.
Figure 1 shows cross-sectional bright-field TEM images
of the YBCO þ BSO (5.4) and YBCO þ BHO (3.1) films.
Nanorods elongated along the c-axis are clearly observed in
the TEM images. The diameter of the nanorods was 11 nm
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for the YBCO þ BSO (5.4) film and 7 nm for the YBCO þ
BHO (3.1) film. The plane-view TEM images are also shown
in the insets of Fig. 1. A nanorod density was 9.6  1014m2
for the YBCO þ BSO (5.4) film and 1.3  1015m2 for the
YBCO þ BHO (3.1) film. Because BU is given by n/0 (n:
nanorod density, /0¼ 2.07  1015Wb [magnetic flux quan-
tum]), BU is 2.0 T for the YBCO þ BSO (5.4) film and 2.6 T
for the YBCO þ BHO (3.1) film. Figure 2 shows the mag-
netic field dependence of normalized Tirr (Tirr/Tc) in the
YBCO þ BSO (5.4) with Tc¼ 89.6K and YBCO þ BHO
(3.1) films with Tc¼ 89.0K. A shoulder in the B–Tirr/Tc
curves was observed at 2 T for the YBCO þ BSO (5.4)
film and at 3 T for the YBCO þ BHO (3.1) film owing to
the matching field effect. The BU values estimated from the
Tirr shoulder was consistent with those from the TEM.
According to our previous paper,6 the matching field differ-
ence in these films was too small to conceal the pin potential
effect, but the “slight” difference in the matching field
should not be neglected in the Jc and q difference between
the films.
In addition to Tirr, the activation energy can be obtained
from the temperature dependence of the resistivity, which is
described by the Arrhenius relation of q exp(Ua/kT).
Here, k is the Boltzmann constant. Figure 2(b) and its inset
show the magnetic field dependence of Ua and the Arrhenius
plot, respectively, indicating that Ua in the YBCO þ BSO
(5.4) film was 1.4 times larger than that in the YBCO þ
BHO (3.1) film at 1 T. The uncorrelated pinning effect is
negligible near Tc due to the large coherence length, as will
be discussed later, and therefore nanorod pinning should be
discussed for this temperature range. Since the vortex inter-
action maximized nanorod pinning at the matching field, a
larger Ua was obtained for the YBCO þ BHO (3.1) film at
its matching field of 3T. Figure 2(c) shows the angular
dependence of the resistivity at 1 T, where a dip near
FIG. 1. Cross-sectional bright-field TEM image of (a) YBCO þ BSO (5.4)
and (b) YBCO þ BHO (3.1) films. The insets show plane-view TEM images
of the films.
FIG. 2. (a) Tirr/Tc-B curves in a magnetic field parallel to the c-axis for the
YBCO þ BSO (5.4) and YBCO þ BHO (3.1) films. (b) Magnetic field
dependence of Ua. The inset shows the resistivity as a function of 1000/T at
1 T. (c) Temperature dependence of q-h curve at 1 T for the YBCO þ BSO
(5.4) film (T¼ 88.5, 88, 87.5, 87, and 86.5K, corresponding to T/Tc
¼ 0.9880.966) and the YBCO þ BHO (3.1) film (T¼ 88, 87.5, 87, 86.5,
and 86K, corresponding to T/Tc¼ 0.989–0.967).
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h¼ 180 (B//c) is clearly observed. Since half of the dip
width corresponds to the trapping angle, the trapping angle is
estimated to be 57 for the YBCO þ BSO (5.4) film and 45
for the YBCO þ BHO (3.1) film. The trapping angle is dis-
cussed for the same resistivity range, which corresponds to
the same T/Tc range. Also, in the case of columnar defects,
the trapping angle of 60–75 depended on the samples, pos-
sibly due to differences in the diameter, as will be discussed
later.17–19 The trapping angle depends on the pin potential,
as described by the following equation:17,20
tan ht ¼
ﬃﬃﬃﬃﬃﬃﬃﬃ
2Up
el
r
; (1)
where Up is the pinning potential of nanorods and el is the
line tension of the vortex. The pin potential estimated from
the trapping angle is 2.4 times larger for the YBCO þ BSO
(5.4) film than for the YBCO þ BHO (3.1) film. The depen-
dence of the pin potential on the coherence length (nab) and
the radius of nanorods (r) is given theoretically by following
expression at the high temperature limit:4
Up ¼ e0 r
2nab
 2
: (2)
Here, e0¼/02/4pl0k2, where l0 and k are the permeability
and the penetration depth, respectively. The pin potential
ratio is 2.5 at 88K, where the coherence length is 9 nm.
The pin potential ratio experimentally obtained in Fig. 2(c)
is roughly consistent with the theoretical estimation from Eq.
(2). The activation energy was also varied by the influence
of the nanorod size on the pin potential, as observed in Fig.
2(b). When the vortex core size is larger than the nanorods,
vortices act as a “line-like” pinning center whose volume is
not large enough to pin the vortex core. In this pinning situa-
tion at high temperatures near Tc, the vortex behavior
strongly depends on the nanorod size.
To discuss the vortex behavior in the moderate tempera-
ture range (6577K), Fig. 3(a) shows the magnetic field
dependencies of Jc and Fp in the films. The YBCO þ BHO
(3.1) and YBCO þ BSO (5.4) films exhibited almost the
same Jc values for a magnetic field smaller than the matching
field, but the Jc for the YBCO þ BHO (3.1) film was higher
than that for the YBCO þ BSO (5.4) film at high magnetic
fields. The Fp peaks around the matching field suggest that
nanorod pinning dominated Jc–B at this temperature range
and the slight difference in the matching field effect resulted
in the largest Fp difference (DFp¼Fp(YBCO þ BHO)Fp
(YBCO þ BSO)) around BU. The angular dependence of Jc
at 77K and 1 T is also shown in Fig. 3(b). The Jc–h charac-
teristics in the YBCO þ BSO (5.4) and YBCO þ BHO (3.1)
films at 77K and 1T were almost the same, although the q-h
curves were significantly different between the films at
8688K. In particular, the Jc minimum was obtained at
almost the same angle at 77K, while the difference in the
trapping angle was as large as 15 at 88K. The coherence
length begins to be smaller than the nanorod radius at the
crossover temperature defined by
ﬃﬃﬃ
2
p
nðTrnÞ ¼ r:21 Trn¼ 80K
at r¼ 3.5 nm for the BHO nanorods and Trn¼ 86K at
r¼ 5.5 nm for the BSO nanorods. When the nanorod size is
larger than the coherence length, the nanorods are “columnar”
pinning centers, which can fully pin the vortex core, and it is
considered that the influence of the nanorod size on the pin
potential is weak. Thus, the pin size effect disappeared at the
moderate temperatures and is also not expected to be observed
at lower temperatures.
Figure 4(a) shows Fp as a function of the magnetic field
in the films at 20K for the discussion of an additional feature
of the pin potential effect at low temperatures. Fp increased
with increasing magnetic field for both films at a low mag-
netic field (<3 T), and the Fp behavior significantly changed
at 3 T(BU). The nanorods are dominant to the vortex pin-
ning at a magnetic field lower than BU. On the other hand,
the vortex pinning in a high magnetic field is complicated
since it is determined by pinning by the matrix defects and
vortex interaction. Figure 4(b) shows the Jc–h curves in mag-
netic fields of 9 and 16 T at 20K. The c-axis peaks were
observed in the magnetic fields higher than the matching
field for both YBCO þ BSO (5.4) and YBCO þ BHO (3.1)
films, suggesting that the c-axis correlated pinning of nano-
rods affected Jc even in a high magnetic field. However,
when only the nanorods are dominant, a similar Fp–B behav-
ior is expected for the nanorods with almost the same match-
ing field, similar to those at 65 and 77K. On the other hand,
FIG. 3. (a) Magnetic field dependence of Fp at 77 and 65K in a magnetic
field parallel to the c-axis. The inset shows Jc-B curves. (b) Jc-h curves at
1 T. Almost the same behavior was observed in the YBCO þ BSO and
YBCO þ BHO films.
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Fp increased with increasing magnetic field for the YBCO þ
BHO(3.1) film, whereas Fp was almost constant in a high
magnetic field for the YBCO þ BSO(5.4) film. DFp was the
largest at 15 T, which cannot be explained by nanorod pin-
ning. To explain vortex pinning at 20K in a high magnetic
field, the mixed pinning of nanorod and matrix uncorrelated
defects such as random oxygen vacancies and crystalline
defects should be considered.22 Since the pin potential of c-
axis correlated pinning centers is large compared with the
matrix pinning centers, vortices are trapped preferentially by
the c-axis correlated pining centers. When the c-axis corre-
lated pinning centers become occupied, vortices start to be
trapped by the uncorrelated pinning centers in the matrix.
Thus, it is expected that the matrix uncorrelated pinning cen-
ters affect vortex pinning mainly at high magnetic fields.
Based on the effective field [e(h)B] analysis, the Jc contribu-
tion from nanorod and matrix pinning can be discussed,
where e(h)¼ (cos2hþ c2sin2h)1/2 and c¼ 5.21,23 Figure 5
shows Jc as a function of e(h)B at 20 and 77K for the YBCO
þBHO(3.1) film. The total Jc and Jc contributions from
matrix pinning are 5.4 MA/cm2 and 2.8 MA/cm2, respec-
tively, and the Jc contribution from nanorods is 2.6 MA/cm
2
at e(h)B¼ 5T for the YBCO þ BHO (3.1) film. Similarly, the
total Jc and the Jc contributions from matrix pinning are 4.3
MA/cm2 and 2 MA/cm2, respectively, and the Jc contribution
from the nanorods is 2.3 MA/cm2 at e(h)B¼ 5 T for the
YBCO þ BSO (5.4) film (data not shown). Thus, matrix
pinning and the nanorods contributed comparably to vortex
pinning at 20K, and the difference in the contribution ratio
varied the Jc and Fp behavior for high magnetic fields. As for
77K, the Jc contribution from matrix pinning is much
smaller than that of the nanorods (total Jc 0.2 MA/cm2 at
e(h)B¼ 5T and matrix contribution 0.02 MA/cm2 even at
e(h)B¼ 2T). Thus, matrix pinning did not significantly affect
the Jc behavior at 77K in the presence of nanorods. It was
also previously reported by Gutierrez that the weak isotropic
pinning contribution increased with decreasing tempera-
ture.24 Since the coherence length is small at a low tempera-
ture, the contribution from matrix pinning is relatively
strong. Thus, the mixed pinning of nanorods and matrix
defects can explain both the c-axis peaks and DFp–B curves
at 20K in high magnetic fields, but further studies are needed
to clarify the origin of uncorrelated matrix pinning.
Based on the mixed pinning, the magnetic field depen-
dence of Jc at 20K will be discussed. The Jc–B curves are
expressed by the power law relationship of JcBa. a¼1
for the YBCO þ BSO (5.4) film and a¼0.8 for the YBCO
þ BHO (3.1) film at 20K, as shown in the inset of Fig. 4(a).
a¼1 for the collective pinning by the c-axis correlated
pinning,4,21 whereas a was 0, 1/2, 5/8, and 1 depending
on fp and the pin density in the case of particle or point pin-
ning.25,26 In the case of mixed pinning, since Jc is deter-
mined by the summation of these effects, the a values (1
for the YBCO þ BSO film and 0.8 for the YBCO þ BHO
film) depended on the contribution ratio of nanorod pinning
and matrix pinning.
In summary, the vortex pinning and vortex dynamics
were discussed in the YBCO films containing nanorods with
different diameters and almost the same density. At high tem-
peratures, the difference in the nanorod size caused the pin
potential to vary significantly, resulting in a nanorod-size
dependent trapping angle and activation energy. At moderate
temperatures of 65–77K, while the pin size effect disap-
peared, the nanorods were still dominant in determining the
vortex pinning. At a low temperature of 20K, matrix pinning
became relatively strong, and the mixed pinning of nanorods
and matrix defects dominated the Jc behavior in a high
FIG. 4. (a) Magnetic field dependence of Fp for the YBCO þ BHO and
YBCO þ BSO films at a temperature of 20K in a magnetic field parallel to
the c-axis. The inset shows a double logarithmic plot of Jc-B. (b) Jc-h char-
acteristics in magnetic fields of 9 and 16T in the films at 20K.
FIG. 5. Jc as a function of the effective field, e(h)B, at 20 and 77K for the
YBCO þ BHO (3.1) film. The lines are guides to eyes. The Jc-h curves at 5,
9, and 16T for 20K and those at 1, 3, 5, 6, and 8 T for 77K were analyzed
based on the effective field.
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magnetic field. Thus, the pin potential situation, which depends
strongly affects the vortex pinning in YBCO containing
nanorods.
This work was partially performed at the High Field
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